INTRODUCTION
Since 1970s, free form 3-chloro-1, 2-propanediol 3-MCPD has been known as a contaminant in acid-hydrolyzed vegetable protein, and the European Scientific Committee on Food proposed a tolerable daily intake TDI of 2 μg/kg body weight bw per day 1 . In 2009, fatty acid esters of 3-MCPD 3-MCPD-Es and those of glycidol Gly-Es were reported to occur during purification and deodorization of fats and oils 2, 3 . Free form glycidol Gly has been classified as Group 2A probable human carcinogen by IARC 4 , for which ALARA principles are applicable. In the 83rd meeting on November 2016, Joint FAO/WHO Expert Committee on Food Additives JECFA established a group provisional maximum tolerable dairy intake PMTDI of 4 μg/kg bw for 3-MCPD and 3-MCPD-Es singly or in combination 5 , and previous PMTDI of 2 μg/kg bw 6 for 3-MCPD, es-method for Gly-Es as JOCS Standard Method for the Analysis of Fats, Oils, and Related Materials 2.4.13 -2013 7 and the AOCS Official Method Cd 28-10 8 , respectively. The indirect methods quantify 3-MCPD and 2-MCPD resulting from hydrolysis of 3-MCPD-Es and 2-MCPD-Es, respectively, and 3-bromo-1, 2-propanediol 3-MBPD resulting from hydrolysis and bromination of Gly-Es. After derivatization with phenylboronic acid PBA , the quantitation of 3-MCPD, 2-MCPD and 3-MBPD is achieved by using gas chromatography-mass spectrometry GC-MS . The indirect methods are simple to perform, and require only a limited number of expensive authentic samples as the reference standards. Therefore, they are especially suitable for routine analyses for screening and quality control. AOCS Official Methods Cd 29a 9 , Cd 29b 10 and Cd 29c 11 are indirect methods. In these AOCS Official methods, the ester cleavage of 3-MCPD-Es, 2-MCPD-Es and Gly-Es are achieved by acid or alkaline hydrolysis. We developed an indirect method employing lipase from Candida cylindracea previously referred to as C. rugosa for the ester cleavage 12 . While AOCS Cd 29a and Cd 29b require 16 hours for the ester cleavage, the enzymatic hydrolysis can be completed within 30 min. After a collaborative study performed by JOCS 13 , the enzymatic indirect method was registered as the JOCS Standard Method for the Analysis of Fats, Oils, and Related Materials 2.4.14 -2016 14 . Recently, the enzymatic indirect method was successfully applied to the analyses of foods containing fats and oils, such as margarine, fat spread and infant formula 15 .
Because of the low substrate specificity of hydrolysis activity of the lipase from C. cylindracea for esters of polyunsaturated fatty acids PUFAs 16, 17 , when the enzymatic indirect method was applied to the analyses of fish-oil based dietary supplements high in PUFAs, such as docosahexaenoic acid DHA and eicosapentaenoic acid EPA , the recovery rates of 3-MCPD and Gly were considerably lower than those obtained by AOCS Official method Cd 29a unpublished data . Therefore, fish oils are currently excluded from the range of application of the registered method. The objective of this study was to make the enzymatic indirect method applicable to fats and oils containing PUFAs such as fish oils. 
EXPERIMENTAL PROCEDURES

Analytical Samples
As oil samples, sardine oil, tuna oil, DHA concentrated tuna oils 3 brands and fish-oil based dietary supplements 7 brands were purchased locally. An EPA and DHA concentrated sardine oil and DHA concentrated tuna oils 2 brands were provided by Osaka Municipal Technical Research Institute.
For spike recovery tests, 3-MCPD dioleate, 3-MCPD didocosahexaenoate, glycidyl oleate and glycidyl docosahexaenoate were dissolved in toluene to make 1,000 μg/mL stock solutions. The oil samples were spiked with ca. 20 mg/kg each of 3-MCPD dioleate and glycidyl oleate, or 3-MCPD didocosahexaenoate and glycidyl docosahexaenoate by adding the stock solutions and evaporating the solvent under a stream of nitrogen.
JOCS standard method
About 100 mg of each sample was weighed in a screw capped glass tube and dissolved in 0.2 mL of isooctane. To the mixture was added 3 mL of 30 w/v sodium bromide solution pH 5.0 containing 90 U/mL of C. cylindracea lipase. The hydrolysis of the esters was achieved by shaking the glass tube on a high-speed shaker cute mixer CM-1000, EYELA, Tokyo, Japan at room temperature about 25 for 30 min, and then heating in a constanttemperature water bath at 80 for 10 min for bromination of Gly. After cooling to room temperature, 50 μL of the 2 μg/mL internal standard mix 3-MCPD-d 5 , 2-MCPD-d 5 and 3-MBPD-d 5 was added. Next, 3 mL of hexane was added and the tube was vortexed for 10 s. The aqueous layer was transferred to a new test tube, to which another 3 mL of hexane was added and the tube was vortexed again for 10 s. After the hexane layer was removed, 3-MCPD, 2-MCPD and 3-MBPD in the aqueous layer, as well as the deuterated free form internal standards were derivatized by adding 100 μL of PBA solution and 3 mL of hexane, and shaking at room temperature for 5-10 min. The organic layer was then transferred to a new test tube containing sodium sulfate and concentrated to approximately 0.5-0.8 mL under a stream of nitrogen. After filtration through a 0.2 μm membrane filter, the sample was subjected to GC-MS analysis.
Standard curves
For construction of the standard curves, 300 μg/mL ethanol solutions of 3-MCPD, 2-MCPD and 3-MBPD were prepared. On the day of the study, the standard stock solutions were diluted with 30 w/v sodium bromide solution to make 15 μg/mL standard mix I and 1.5 μg/mL standard mix II, and eight concentrations of 3-MCPD, 2-MCPD and 3-MBPD standard solutions 0.075-12 μg/mL were prepared. Calculated amount of the 1.5 μg/mL standard mix II 5-100 μL or the 15 μg/ml standard mix I 20-80 μL was added to a screw capped glass tube, to which 50 μL of 2 μg/mL internal standard mix and 3 mL of 30 w/v aqueous sodium bromide pH 5.0 were added. The derivatization of 3-MCPD, 2-MCPD and 3-MBPD was accomplished in the same manner as described above. Standard curves were constructed by plotting the peak area ratios 3-MCPD/3-MCPD-d 5 , 2-MCPD/2-MCPD-d 5 and 3-MBPD/3-MBPD-d 5 against concentration ratios of the standards and calculating the simple linear regression equations.
GC-MS Analysis
GC-MS analysis was carried out on TRACE GC Ultra equipped with TSQ Quantum GC Thermo Fisher Scientific, Waltham, MA, USA . Chromatography was performed on a Factor Four Capillary Column VF-5 ms 30 m 0.25 mm inner diameter, 0.25 μm film thickness, Agilent Technologies, Santa Clara, CA, USA . The carrier gas was helium at a constant flow of 1.2 mL/min. The GC oven temperature was kept at 60 for 1 min, raised at 10 /min to 150 , then raised at 3 /min to 180 , and subsequently raised at 30 /min to 300 , and kept at 300 for 8 min total 32 
The improved enzymatic indirect method applicable
to fats and oils containing PUFA About 100 mg of each sample was weighed in a screw capped glass tube and dissolved in 0.2 mL of isooctane. To the mixture was added 3 mL of citric acid-disodium hydrogen phosphate aqueous solution pH 5.0 containing 250 U/ mL of B. cepacia lipase. The hydrolysis of the esters was achieved by shaking the glass tube on a high-speed shaker at room temperature for 30 min. After the hydrolysis step was completed, 1 mL of 70 w/v sodium bromide aqueous solution pH 5.0 was added to the tube, and vortexed for 10 s. Then the tube was heated in a constanttemperature water bath at 80 for 10 min for bromination of Gly. The operations after bromination were the same as the JOCS standard method described in 2.3.
AOCS official method Cd 29a
About 100 mg of each sample was weighed into a screw capped glass tube, to which 50 μL of the deuterated ester form internal standards 40 μg/mL 3-MCPD dioleate-d 5 and 50 μg/mL glycidyl oleate-d 5 and 2 mL of tetrahydrofuran were added. The tube was vortexed for 15 s. To the mixture was added 30 μL of acid aqueous solution of sodium bromide 3 mg/mL sodium bromide, 5 v/v sulfuric acid and incubated at 50 for 15 min, then to the mixture was added 3 mL of 0.6 aqueous solution of sodium hydrogen carbonate to stop the bromination reaction of Gly-Es. Next, 2 mL of n-heptane was added and the tube was vortexed for 15 s. The n-heptane layer was transferred to a new test tube, and evaporated to dryness under a stream of nitrogen. After dissolving the residues in 1 mL of tetrahydrofuran, to the mixture was added 1.8 mL of 1.8 v/v sulphuric acid in methanol. The hydrolysis of esters was achieved by incubation at 40 for 16 hours. The reaction was stopped by the addition of 0.5 mL of saturated sodium hydrogen carbonate solution, and the organic layer was evaporated under a stream of nitrogen. Next, 2 mL of 20 sodium sulfate aqueous solution and 2 mL of n-heptane was added and the tube was vortexed for 10 s. The organic layer was removed, to which another 2 mL of n-heptane was added and the tube was vortexed again for 10 s. After the organic layer was removed, to the mixture was added 250 μL of PBA saturated solution and incubating at room temperature for 5 min in an ultrasonic bath. Then, 1 mL of n-heptane was added and the tube was vortexed again for 10 s. The organic layer was transferred to a new test tube, to which another 1 mL of n-heptane was added and the organic layer was transferred to the new test tube. The combined organic layer was evaporated to dryness under a stream of nitrogen. After dissolving the residue in 0.4 mL of n-heptane, the sample was subjected to GC-MS analysis.
For construction of the standard curves, standard mix I containing 55 μg/mL each of 3-MCPD dioleate and 2-MCPD dipalmitate, and 100 μg/mL of glycidyl oleate was prepared. On the day of use, the standard mix I was diluted 10-fold with toluene to make a standard mix II, and eight concentrations of calibration standards were prepared by adding 20, 30, 50, 70, 90 μL of standard mix I and 25, 50, and 100μL of standard mix II into eight screw capped glass tubes, to which 50 μL of the internal standard mix containing 40 μg/mL 3-MCPD dioleate-d 5 and 50 μg/mL glycidyl oleate-d 5 was added. The calibration standards were then analyzed as described above.
RESULTS and DISCUSSION
Selection of lipases
To select the lipase suitable for hydrolysis of PUFA esters of 3-MCPD and Gly, we analyzed a sardine oil spiked with 3-MCPD didocosahexaenoate and glycidyl docosahexaenoate at 20 mg/kg using C. cylindracea lipase and six other lipases from different sources at 90 U/mL and 450 U/mL with all other conditions the same as the JOCS standard method. As shown in Table 1 3.2 Optimization of hydrolysis condition for the B. cepacia lipase To improve hydrolysis efficiency of B. cepacia lipase for DHA esters of 3-MCPD, we studied the effects of hydrolysis conditions for B. cepacia lipase. Firstly, we studied the effects of various organic solvents for sample dissolution on the recovery rates from sardine oil spiked with 3-MCPD didocosahexaenoate and glycidyl docosahexaenoate at 20 mg/kg. The amount of the organic solvent added was 0.2 mL. Hydrolysis was performed by adding 3 mL of 30 w/ v sodium bromide aqueous solution pH 5.0 containing 450 U/mL of B. cepacia lipase. Among the organic solvents tested, isooctane yielded the highest recovery rate for 3-MCPD Table 2 . Secondly, when the amount of isooctane for sample dissolution was varied between 0 to 3 mL, the amount from 0.2 to 1.0 mL gave slightly better recovery rates for 3-MCPD than the other amounts tested Fig. 1 . Thirdly, we studied the effects of the amount of 30 w/v sodium bromide aqueous solution containing 450 U/mL of B. cepacia lipase hydrolysis buffer on the recovery rates. For this experiment, the amount of isooctane for sample dissolution was varied proportionately with the hydrolysis buffer so that the ratio of the isooctane to the hydrolysis buffer was always 1:6. As shown by the open circles in 
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2, the amount of the hydrolysis buffer between 3 and 5 mL had little effect on the recovery rates of 3-MCPD. From these results, it was decided to use 0.5 mL of isooctane and 3 mL of the hydrolysis buffer. Lastly, the effects of sodium bromide concentration in the hydrolysis buffer were studied by varying the concentration from 0 to 30 w/v . As shown by the open circles in Fig. 3 , the recovery rates for 3-MCPD increased with the decrease in sodium bromide concentration in the hydrolysis buffer. It was suggested that the presence of sodium bromide had an inhibitory effect on the hydrolysis activity of B. cepacia lipase and lowered the recovery rates for 3-MCPD. On the other hand, as shown by the solid diamonds in Fig. 3 , the recovery rates for Gly decreased with the decrease in the sodium bromide concentration, and when the concentration was below 10 w/v , the recovery rates became lower than 90 . To overcome this problem, we decided to remove sodium bromide from the hydrolysis buffer and add it after completion of the hydrolysis step. In addition to sodium bromide, we studied the effects of various additives at 20 w/v in the hydrolysis buffer pH 5.0 on the recovery rates from sardine oil spiked with 3-MCPD didocosahexaenoate at 20 mg/kg. The recovery rates for 3-MCPD were 87 with potassium bromide, 73 with ammonium sulfate, 66 with sodium sulfate, and 47 with magnesium sulfate. As high concentrations of salts in the hydrolysis buffer can be inhibitory against B. cepacia lipase activity, care should be exercised when samples containing high concentration of salts are to be analyzed. 
Recovery rates (%)
Isooctane amount (mL) 
3-MCPD Gly
The improved enzymatic indirect method
To determine optimal B. cepacia lipase concentration in the hydrolysis buffer, we analyzed a sardine oil and DHA concentrated tuna oil spiked with 3-MCPD didocosahexaenoate and glycidyl docosahexaenoate, or 3-MCPD dioleate and glycidyl oleate at 20 mg/kg by using the hydrolysis buffer containing a concentration of B. cepacia lipase in the range between 90 and 300 U/mL, without sodium bromide, and by adding 1 mL of 70 w/v sodium bromide aqueous solution pH 5.0 after completion of the hydrolysis step of 30 min. Good recovery rates for 3-MCPD 90-105 were obtained when the B. cepacia lipase concentration was higher than 180 U/mL, whereas the recovery rates for Gly were good 95-109 at all concentrations tested Table 3 . From these results, it was decided to use 250 U/mL of B. cepacia lipase in the hydrolysis buffer for an added safety margin. The modifications made to the enzymatic indirect method are summarized in 2.6.
To verify the applicability of the improved enzymatic indirect method to various fish oils, the recovery tests were performed with the fish oil samples listed in Table 4 . All samples spiked with 3-MCPD didocosahexaenoate and glycidyl docosahexaenoate, or 3-MCPD dioleate and glycidyl oleate at 20 mg/kg gave satisfactory recovery rates for 3-MCPD 91-109
and Gly 91-110 . Therefore, the improved enzymatic indirect method was considered applicable to various oil samples including those containing PUFA esters of 3-MCPD and Gly. Table  5 . The analytical standard deviations were estimated from duplicate measurements, and the coefficients of variation were assumed to be constant over the range of concentrations analyzed. The standard errors for the slope and the intercept were obtained by the jackknife method and used for the confidence interval calculations. The analyses were 
CONCLUSION
The enzymatic indirect method that make use of C. cylindracea lipase for hydrolysis was modified to make the method applicable to fats and oils containing PUFA such as fish oils, which are currently excluded from the range of application of the method. The major modifications include the use of B. cepacia lipase in place of C. cylindracea lipase, and the removal of sodium bromide from the hydrolysis buffer containing the lipase and the addition of it after completion of the hydrolysis step. Applicability of the improved method to fish oils high in PUFA was confirmed by analyzing samples spiked with 3-MCPD didocosahexaenoate and glycidyl docosahexaenoate, or 3-MCPD dioleate and glycidyl oleate at 20 mg/kg, and by comparing analytical results from the improved method with those obtained by AOCS Cd 29a. The results suggested that fish oils may be included in the range of application of the improved enzymatic indirect method for simultaneous determinations of 3-MCPD-Es and Gly-Es in fats and oils. 
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